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ABSTRACT Oligodendrocytes develop from a subpopu-
lation of precursor cells within the ventral ventricular zone of
the spinal cord. The molecular cues that direct this spatially
and temporally restricted event seem to originate in part from
structures ventral to and within the spinal cord. Here, we
present evidence that the family of ligands termed neuregulins
are necessary for the normal generation of mouse spinal cord
oligodendrocytes. Oligodendrocytes mature in spinal cord
explants from wild-type mice and mice heterozygotic for a null
mutation in the neuregulin gene (NRG 1y2) in a temporal
sequence of developmental events that replicates that ob-
served in vivo. However, in spinal cord explants derived from
mice lacking neuregulin (NRG 2y2), oligodendrocytes fail to
develop. Addition of recombinant neuregulin to spinal cord
explants from NRG 2y2 mice rescues oligodendrocyte de-
velopment. In wild-type spinal cord explants, inhibitors of
neuregulin mimic the inhibition of oligodendrocyte develop-
ment that occurs in NRG 2y2 explants. In embryonic mouse
spinal cord, neuregulins are present in motor neurons and the
ventral ventricular zone where they likely exert their inf luence
on early oligodendrocyte precursor cells.

Neuregulins play multiple essential roles in vertebrate embryo-
genesis, including development of rhombomeres, neural-crest
derivatives, the neuromuscular junction, and cardiac morpho-
genesis (1–6). The influence of neuregulins on cell types from
different stem cell origins is pleiotropic. For example, neu-
regulins are mitogenic for breast epithelial cells (7) and induce
the differentiated property of acetylcholine receptor synthesis
in skeletal muscle (8). Furthermore, neuregulins can have
pleiotropic effects on cells within a single lineage. In the
peripheral nervous system, neuregulins promote the genera-
tion of glia, rather than neurons, from the neural crest (9) and
act as survival factors for Schwann cell precursors (10) and
mitogens for mature Schwann cells (11, 12). The difference in
biological response most likely reflects not only the cellular
context but also the repertoire and number of neuregulin
receptors expressed on responding cells.

Neuregulins are a family of ligands that include heregulin,
neu differentiation factor, acetylcholine receptor-inducing ac-
tivity, and glial growth factor (7, 8, 13, 14). Neuregulin
isoforms differ in both their extracellular and intracellular
domains. However, ligand binding to receptor and all biologic
activity seem to reside in the epidermal-growth-factor-like
domain (7, 15–18), which is common to all isoforms, and most
isoforms are synthesized as transmembrane proteins. In gen-
eral, neuregulins bind to and activate the erbB family of
receptor tyrosine kinases, erbB2 (HER2), erbB3 (HER3), and
erbB4 (HER4) (19–21) as functional heterodimers and ho-
modimers (22).

METHODS

Neuregulin Null Mice and Spinal Cord Explants. To gen-
erate neuregulin gene (NRG 1y1), NRG 1y2, and NRG
2y2 embryos, litters were obtained from timed pregnancies of
NRG 1y2 female and NRG 1y2 male matings 9.5 days post
conception (dpc). Each embryo was given a code number, and
spinal cords were excised and cut transversely into 1- to 2-mm
fragments for explant culture onto polylysine- and laminin-
coated cover glasses in DMEM, N2 additives, 2% fetal bovine
serum, and 10 ngyml platelet-derived growth factor-AA. The
remainder of each embryo was used to isolate genomic DNA
for PCR analysis.

PCR. PCR primers were NRG-4786 (59-GAGATGGTCAT-
GTCCTTGTCACTAACC), the mouse genomic sequence 59
of exon 7 with an sense orientation; NRG-4807 (59-
TGCTGCTTTCTTCGCTCTTCAGAAGC), the mouse
genomic sequence 59 of exon 7 with an antisense orientation;
and neo2 (59-CGAATTCGCCAATGACAAGACGCTGG),
a neocassette with an antisense orientation. PCR was per-
formed with a denaturation of 45 sec at 94°C, an annealing
period of 30 sec at 68°C, and an elongation of 50 1 n sec at 72°C
for 40 cycles. Primers NRG-4786 and NRG-4807 generate a
370-bp band for the wild-type allele. Primers NRG-4786 and
neo2 generate a 520-bp band for the mutant allele.

Immunohistochemistry. For O4 staining, living explant
cultures were incubated for 20 min with the O4 mAb
hybridoma supernatant at a 1:3 dilution, washed with PBS
three times, then fixed in fresh 4% (wtyvol) paraformalde-
hyde in PBS for 7 min at ambient temperature, washed three
times with PBS, then incubated with Cy3-conjugated sec-
ondary antibody (Jackson ImmunoResearch), and visualized
by epif luorescence. For neurofilament staining, cultures
were made permeable with 0.125% Triton X-100 in PBS for
20 min before incubation with a rabbit polyclonal antibody
against neurofilaments (a gift from Peter Hollenbeck, Pur-
due University, West Lafayette, IN) that is recognized by
f luorescein isothiocyanate-conjugated goat anti-rabbit sec-
ondary antibody.

RESULTS

Specific Loss of Oligodendrocytes in Spinal Cords Lack-
ing Neuregulin. We examined the requirement for neuregu-
lins during oligodendrocyte development by using spinal
cord explant cultures from neuregulin knock-out mice (NRG
2y2; ref. 1), mice heterozygotic for a null mutation in the
neuregulin gene (NRG 1y2), and wild-type littermates
(NRG 1y1). NRG 2y2 embryos die from a defect in
cardiac morphogenesis between 10.5 and 11.5 dpc (1);
therefore, spinal cord explant cultures were generated from
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litters '9.5 dpc to ensure the explants came from viable
embryos. The development of oligodendrocytes in explant
cultures correlates spatially and temporally with the appear-
ance of oligodendrocytes in vivo (23–27) and is thus a reliable
model for studying events necessary for oligodendrocyte
development. Spinal cord explants were plated onto poly-L-
lysine- and laminin-coated glass coverslips in DMEM sup-
plemented with 1% fetal bovine serum, N2 additives, and 10
ngyml platelet-derived growth factor-AA (23–25). Platelet-
derived growth factor-AA is a known mitogen and survival
factor for cells in the oligodendrocyte lineage (28–31) and
was added to eliminate the possibility that neuregulin was
simply inf luencing the synthesis of this ligand. After 7–11
days in vitro, explants were stained for oligodendrocytes with
mAb O4, which identifies immature oligodendrocytes (32),
and assessed for oligodendrocyte numbers before unblinding

results of genotyping. Representative micrographs of ex-
plants from NRG 1y2 and NRG 2y2 embryos are shown
in Fig. 1. The cellular outgrowth from NRG 1y2 explants
contains numerous O41 oligodendrocytes (Fig. 1 A). In
contrast, there are no identifiable O41 cells within the
cellular outgrowth from NRG 2y2 explants nor within the
explant itself (Fig. 1C). The requirement of neuregulins over
this developmental period seems to be specific for the
oligodendrocyte lineage, because the absence of neuregulin
neither affected growth of other cell types from the explant,
nor did it effect the neuritic outgrowth (Fig. 1D).

Recombinant Neuregulin Rescues Oligodendrocyte Devel-
opment. We next wanted to determine whether neuregulins
were necessary before or after 9.5 dpc for oligodendrocyte
development to proceed normally. To address this question,
spinal cords from E9.5 embryos were used to generate parallel

FIG. 1. Oligodendrocytes fail to develop in spinal cord explants from neuregulin knock-out mice. Timed pregnancies from NRG 1y2 female
and NRG 1y2 male matings were carried to '9.5 dpc, at which time females were killed, and embryos were removed. Each embryo was assigned
a code number used to blind investigators from the genotyping. Genotyping was carried out by PCR on DNA extracted from the head of each
embryo. Spinal cords were excised from embryos, cut transversely into segments, plated onto poly-L-lysine- and laminin-coated cover glasses, and
cultured for 9 days in DMEM supplemented with 1% fetal bovine serum, N2 additives, and 10 ngyml platelet-derived growth factor-AA. Cultures
were stained with mAb O4 as described (32). Genotyping was unblinded after assessment of oligodendrocyte numbers and photography of explant
cultures. (A and B) Micrographs of explants from NRG 1y2 embryos. (C and D) Micrographs of explants from NRG 2y2 embryos. O4 staining
images are shown on the Left adjacent to the corresponding phase-contrast images on the Right. There are no identifiable O41 cells in explants
from NRG 2y2 embryos (the fluorescence within the explant is background not cellular staining). In contrast, explants from NRG 1y2 embryos
have numerous O41 oligodendrocytes. NRG 2y2 explants do, however, have an extensive neuritic outgrowth and growth of cells other than
oligodendrocytes as seen in the phase-contrast images.
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cultures. One culture received 1 nM recombinant neuregulin,
and the other received a control buffer at the time of plating.
The addition of recombinant neuregulin rescued oligodendro-
cyte development in explants from NRG 2y2 mice (Fig. 2),
and thus we conclude that neuregulin is necessary for oligo-
dendrocyte development in spinal cord after '9.5 dpc. Be-
cause recombinant neuregulin can rescue oligodendrocyte
development when added at '9.5 dpc, it is unlikely that
neuregulin is required for the survival, differentiation, or
proliferation of a primitive, multipotent precursor cell present
before this stage.

Neuregulin Inhibitors Block Oligodendrocyte Development
in Wild-Type Spinal Cords. To confirm the temporal require-
ment for neuregulin signaling during oligodendrocyte devel-
opment, an independent set of experiments was performed on
wild-type spinal cord explants by using the neuregulin inhibitor
IgB4, a chimeric protein composed of the extracellular (ligand-
binding) domain of erbB4 and the Fc portion of human IgG1
(33). Spinal cord explant cultures were generated from E9.5
wild-type mouse embryos and cultured as described for 2.5
days, at which time cultures received either IgB4 or a control
buffer (0.1% BSA in PBS). Explants were then cultured for an
additional 9 days before staining for cells in the oligodendro-
cyte lineage with the O4 mAb. In cultures from wild-type
explants that received IgB4, there were few to no oligoden-

drocytes, whereas explants in control cultures had numerous
oligodendrocytes both within the explant and among the
surrounding cells (Fig. 3). As with the neuregulin knock-out
explants, functionally inhibiting neuregulin in wild-type cul-
tures influenced neither neuritic outgrowth nor the outgrowth
of other cell types (Fig. 3).

Localization of Neuregulin in Embryonic Spinal Cord. It
was clear from our experiments with the neuregulin knock-
out mice and from the functional inhibition experiments with
IgB4 that neuregulin is necessary for oligodendrocyte de-
velopment. If neuregulins are required for oligodendrocyte
development in the spinal cord, then one would expect them
to be expressed in or near the spinal cord during the
appropriate developmental period. In the mouse, oligoden-
drocytes first appear between 12 and 14 dpc. Thus, we
examined E14 wild-type mice for neuregulin expression by
using an antibody that recognizes the cytoplasmic domain of
neuregulin. In transverse sections of E14 mouse spine,
neuregulin is present within motor neurons and in the ventral
ventricular zone (VVZ; Fig. 4). Because the antibody used
for immunohistochemistry recognizes cytoplasmic epitopes,
immunoreactivity most likely represents the site of synthesis
of neuregulin and excludes staining of secreted ligand ad-
hering to neuregulin receptors. The presence of neuregulins
in these structures is consistent with studies showing that

FIG. 2. Exogenous recombinant neuregulin will rescue oligodendrocyte development from NRG 2y2 explant cultures. Spinal cord explant
cultures were generated from litters '9.5 dpc and genotyped as described in the legend to Fig. 1. Spinal cords initially were divided into six
to eight segments. Segments that did not obviously contain both ventral and dorsal spinal cord were discarded. Explants from a single embryo
received either 0.1% BSA in PBS as a control or 1 nM neuregulin (epidermal-growth-factor-like b1 domain) at the time of plating. Explant
cultures were then allowed to grow for an additional 8 days, equivalent to '17 dpc, and processed for O4 staining as described in the legend
to Fig. 1. (C–F) Micrographs of explant cultures from NRG 2y2 embryos. (A and B) Micrographs of explant cultures from a wild-type
littermate. The NRG 2y2 explants (C and D) as well as the wild-type explants (A and B) received 0.1% BSA in PBS. The explants shown
in E and F received 1 nM neuregulin for the entire in vitro period. O4 staining images are shown on the Right adjacent to the corresponding
phase-contrast images on the Left. The addition of neuregulin to NRG 2y2 explants restores oligodendrocyte development, and cells are
indistinguishable from those in wild-type explants.
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ventrally derived signals are required for generation of the
oligodendrocyte lineage (34). Because the oligodendrocyte
lineage arises from the VVZ (23–27), neuregulins derived
from cells within the VVZ may act in a paracrine or
autocrine fashion.

DISCUSSION

The data presented in this report indicate that neuregulins
are required at an early stage of development for oligoden-
drogliogenesis to proceed normally. The loss of functional
neuregulin seems to affect the oligodendrocyte lineage
specifically. The morphology of spinal cord neurons seems
normal, and the neurons extend an extensive network of
neurites from NRG 2y2 explants similar to wild-type
explants. In addition, the outgrowth from the NRG 2y2
explants contains numerous cells, many of which are astro-
cytes (not shown) that appear normal by morphologic cri-
teria. The presence of neurons and astrocytes in NRG 2y2
explant cultures and the ability of exogenous neuregulin
added at 9.5 dpc to rescue oligodendrocyte development
support the postulate that neuregulins are required specif-
ically for development of the oligodendrocyte lineage but not

for the development or survival of a primitive, multipotent
precursor cell that ultimately gives rise to the oligodendro-
cyte and other cell lineages.

The molecular components of the signaling pathway from
axon to glial cell that results in initiation of myelination and
maintenance of the myelin internode are unknown. Work from
our and others’ laboratories suggests that candidate ligand-
receptor pairs involved in myelination are the neuregulins and
their receptors. In an earlier report, we showed that neuregu-
lins act as morphogens for mature oligodendrocytes by causing
the extension of large sheet-like processes consistent with a
myelinating phenotype (35, 36). Other investigators also have
found an effect of neuregulins on promoting the extension and
complexity of oligodendrocyte processes (37). However, in
multiply passaged oligodendrocyte progenitors, neuregulins
are able to act as mitogens (38). The data presented in this
report show that neuregulins are necessary for the develop-
ment of the oligodendrocyte lineage at early developmental
stages. In this respect, the role of neuregulins in development
of the oligodendrocyte lineage may be analogous to the
Schwann cell lineage, in which the same ligand causes differ-
entiation, survival, or proliferation at different stages of
development (9–12).

FIG. 3. Neutralizing neuregulin activity
inhibits the formation of oligodendrocytes in
wild-type spinal cord explant cultures. IgB4 is
a chimeric protein consisting of the extracel-
lular domain of erbB4 (ligand-binding do-
main) and the Fc portion of human IgG1.
Spinal cord explants were generated from
E9.5 wild-type mice and cultured for 2.5 days
in standard growth medium then 9 days in the
presence of human Fc fragment as a control
(a–d) or IgB4 (e–h). At day 11, cultures were
surface stained with mAb O4 and O1 com-
bined to identify immature and mature oli-
godendrocytes, fixed, and, in some cases,
double-labeled with antineurofilament. (a, c,
e, g) Combined O4 and O1 staining. b, d, and
f are Nomarski images corresponding to a, c,
and e, respectively. h shows the neurofila-
ment staining corresponding to g. In cultures
treated with IgB4, there are few or no oligo-
dendrocytes identified. In contrast, wild-type
explant cultures treated with the control
buffer containing human Fc fragment had
abundant numbers of oligodendrocytes.
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FIG. 4. Neuregulin is present in developing mouse spinal cord within motor neurons and the VVZ. E14 mouse embryos were emersion fixed
in 4% paraformaldehyde, cryoprotected, and mounted in TissueTec, and 20-mm frozen transverse sections were mounted on glass slides. Sections
were stained with a rabbit polyclonal antiserum that recognizes the ‘‘a’’ cytoplasmic domain of neuregulin, detected by fluorescein isothiocyanate-
conjugated goat anti-rabbit IgG antiserum, and visualized by epifluorescence. Neuregulin is present within motor neurons (MN), dorsal root
ganglion neurons (DRG), and in the VVZ itself. CC 5 central canal.
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